Conjugative transposons are a unique group of genetic elements characterized by their ability to promote their own intercellular transfer. They are widespread in the bacterial world, particularly among the enterococci and streptococci. In clinically relevant streptococci, they are probably more responsible for the dissemination of antibiotic resistances than are plasmids (for recent reviews, see references 8, 10, 11, 29, and 35) . The best characterized of these elements are Tn916 from Enterococcus faecalis (16) and the closely related Tn1545 from Streptococcus pneumoniae (4, 13) . Members of this family have a broad host range that includes over 50 bacterial species in 24 genera. Tn916 has been sequenced and is 18,032 bp, with a GϩC content of 38.8% (15) ; 24 putative open reading frames (ORFs) have been identified (see Fig. 1 ).
The rate-limiting step in Tn916 transposition is believed to be an excision event that generates a circular intermediate (5, 17) that cannot replicate autonomously but is able to transfer via a plasmid-like process. Excision requires the products of the xis-Tn and int-Tn determinants (ORF1 and ORF2, respectively) located close to the left end of the transposon (see Fig.  1 ). When Tn916 is present on a high-copy-number plasmid in Escherichia coli, it is unstable and excises at a relatively high frequency (18) ; this gives rise to physically detectable circular molecules (31) . Numerous Tn5 insertions have been generated in E. coli over most of Tn916. Insertions within the leftmost 10% of Tn916 are defective in excision and/or insertion, whereas insertions within the rightmost 60% are able to excise but cannot conjugate after reintroduction into E. faecalis (32) .
Tn916 inserts are generally flanked by nonidentical hexanucleotide coupling sequences which can represent the target site on one side and a sequence brought in by the transposon on the other side (8, 9) . The nucleotide content of the coupling sequences can dramatically affect the excision frequency. Depending on the particular donor isolate, conjugation potentials can differ by 10,000-fold or more, yielding frequencies ranging from 10 Ϫ8 to 10 Ϫ4 per donor (21) . Circular-intermediate DNA has been detected in extracts from E. faecalis cells with relatively high donor potentials (21, 26) by using the PCR to amplify the region containing the two ends of the transposon joined together. Excised molecules were generally not detectable in the case of donors that transferred DNA at a very low frequency. The differences in excision frequency probably relate to the effect of specific coupling sequences on the efficiency of Int-Tn binding (23, 24) . Moreover, Flannagan and Clewell (14) have shown that the flanking DNAs surrounding the Tn916 insertion are not comobilized with the transposon intermediate.
Plasmids that have been investigated with regard to intercellular passage of DNA generally transfer a single DNA strand into the recipient bacterium, in which the complementary strand is then synthesized. The process begins with a nicking event within a sequence defined as the origin of transfer (oriT). Origins of transfer are generally specific for each system, and much has been reported relating to the oriT sites for IncP, IncQ, IncN, and F plasmids (19, 25) of gram-negative bacteria. There are several features commonly associated with plasmid oriT regions. These include (i) the presence of a specific cis-acting nic site, (ii) multiple inverted and direct repeat structures which may play a role in protein binding, and (iii) a somewhat higher AT ratio than that of the rest of the plasmid genome. The interaction of plasmid-encoded, trans-acting transfer (Tra) proteins with oriT is probably the key specificity factor.
It is reasonable to assume that circular forms of Tn916 are mobilized intercellularly by a plasmid-like process. Scott et al. (30) have provided support for the view that Tn916 transfer involves passage of a single strand in that only the coupling sequence at the left end of the transposon in donor cells could be found in transconjugants, and at opposite ends of the newly inserted element about 50% of the time. In addition, the sequence data of Tn916 revealed an ORF, ORF23, exhibiting significant similarity with the mbeA determinant of ColE1 (15), a protein whose product is a relaxation complex (relaxosome) component (3) . With these considerations, one would predict the presence of an oriT site on Tn916. Sequences bearing some resemblance to the oriT sites of certain plasmids are indeed present, and here we report that a segment of DNA containing such a region has the properties of a functional origin of transfer.
MATERIALS AND METHODS
Bacterial strains and plasmids. The strains of E. faecalis and E. coli and the plasmids used in this study are listed in Table 1 . E. coli DH5␣ was used to construct and maintain the plasmid chimeras.
Media and growth conditions. The medium used for the growth of E. coli was Luria broth (LB) (28) , and for E. faecalis the medium was Todd-Hewitt broth (THB) (Difco). Solid media were prepared by the addition of 1.5% agar (Difco) to the liquid media. Blood agar plates were prepared by adding 4% horse blood to THB agar prior to pouring (plates with THB and blood are hereafter designated THB-HB). Growth of liquid cultures and incubation of agar plates were done at 37ЊC. When required, the following antibiotics were added to the media at the indicated concentrations (in micrograms per milliliter) unless otherwise specified: chloramphenicol, 10 (E. faecalis) or 20 (E. coli); ampicillin, 100; rifampin, 25; fusidic acid, 25; streptomycin, 1,000 (E. faecalis) or 200 (E. coli); spectinomycin, 500; and erythromycin, 10.
Plasmid isolation and molecular characterization. Plasmid minipreparations of E. coli and E. faecalis DNAs involved an alkaline lysis procedure essentially as was described previously (39) . Midi-and maxi-preparations of E. coli plasmid DNAs were made by using a plasmid preparation system (Qiagen Inc., Chatsworth, Calif.) as directed by the manufacturer. Restriction endonucleases were obtained from Bethesda Research Laboratories, Inc. (Gaithersburg, Md.), and New England Biolabs (Beverly, Mass.) and were used as recommended by the manufacturers. T4 DNA ligase was obtained from Bethesda Research Laboratories and used as directed by the manufacturer. Restriction fragments were routinely separated by electrophoresis in 0.7 to 1.0% agarose gels in Tris-borate-EDTA buffer (28) . If gel purification was to follow, the electrophoresis was carried out in Tris-acetate buffer (29) . Gel purification of restriction fragments was performed by using a Qiaex gel purification kit (Qiagen) as directed by the manufacturer.
PCR. PCR was performed by using a GeneAmp kit (Cetus) and thermal cycler 480 (Perkin-Elmer Cetus, Norwalk, Conn.). Reactions were done in 100-l final volumes, and the conditions were essentially as recommended by the manufac- Table 1 . BamHI or SalI restriction sites were engineered at the 5Ј ends (underlined in Table 1) , with three or four additional nucleotides 5Ј to the restriction sites to ensure the presence of intact restriction cleavage sites in the amplified PCR products. The template DNA for the PCR was 10 to 100 ng of pAM170 (an EcoRI restriction fragment containing Tn916 cloned into the multicopy E. coli plasmid pGL101) DNA which had been prepared by using the Qiagen midiprep protocol. Bacterial strain constructions. PCR products were digested with BamHI and SalI, cloned into BamHI-SalI-digested pBluescript KSII ϩ , and introduced by transformation into electrocompetent E. coli DH5␣ cells by using a Gene Pulser apparatus (Bio-Rad Laboratories) as described by the manufacturer. The recombinant plasmids were digested with appropriate enzymes (BamHI and SalI), and the restriction-digested DNAs were electrophoresed on TAE (Tris-acetate-EDTA)-agarose gels. Sequencing of the amplified product was done as described below to confirm the fidelity of the PCRs. The BamHI-SalI restriction fragment containing the PCR product was gel purified with the Qiagen gel extraction kit and ligated to similarly prepared pWM401 DNA. Ligation mixes were introduced into E. coli DH5␣ by electroporation. Qiagen-prepared DNA was then used to transform electrocompetent E. faecalis cells essentially as described previously (14) .
oriT mobilization assay. Mobilization of recombinant clones by Tn916⌬E was determined as follows. Cultures of E. faecalis donors and recipients were grown overnight at 37ЊC with shaking in 5 ml of THB containing the appropriate antibiotics. The cultures were pelleted at 3,000 rpm and washed with an equal volume of THB to remove the antibiotics, and the pellets were resuspended finally in one-half volume of THB. For matings, 100 l of donor culture and 400 l of recipient culture were mixed in a 1.5-ml Eppendorf tube and spun for 2 min in a Microfuge at 14,000 rpm to pellet the cells. The supernatant was decanted, and the pellet was resuspended in 20 l of THB. The cells were placed on a nitrocellulose membrane (Millipore; 25 mm thick, 0.45-m pore size). The membranes were placed bacterium side up on THB-HB plates and incubated at 37ЊC for 6 to 20 h. Following this incubation, the filters were washed in 1 ml of THB, and 100-l aliquots were plated on selective media. The plates were incubated at 37ЊC for 2 to 3 days, after which transconjugants were scored.
To determine cotransfer of antibiotic markers, transconjugants were picked, placed on THB agar containing the selective antibiotic, and then picked and placed on THB agar containing the nonselective antibiotic. Plasmid minipreparations of random transconjugant DNAs were made to confirm plasmid content.
Mobilization of the oriT constructs by nonheterologous conjugative plasmids in E. faecalis was performed essentially as described above, except that the overnight cultures were pelleted, washed, and resuspended in an equal volume of broth. The filter matings were performed either for 4 h or overnight. For matings involving E. coli, the growth and selective medium was LB, and overnight cultures were also resuspended in an equal volume of broth; all other conditions were as described above.
The E. coli strain harboring the RP1 plasmid was constructed by conjugation between recipient E. coli DH5␣(pAM5160) and donor strain Pseudomonas aeruginosa PAO carrying RP1 (kindly provided by Ron Olsen). pOX38 was introduced into DH5␣(pAM5160) by conjugation from E. coli MD106 (kindly provided by H. Kuramitsu).
DNA sequencing and analysis. Sequence analysis of the PCR products was done to confirm the nucleotide composition of the cloned segment. Sequencing reactions were carried out by using a Sequenase version 1.0 kit (U.S. Biochemicals) and [␣-32 P]dATP according to previously described procedures (33, 34) . Computer analysis was carried out with the Genetics Computer Group (University of Wisconsin) software package, version 8.0, and MacVector, version 4.5.
RESULTS
Mobilization strategy. The approach to identifying an oriT on Tn916 was to make use of a trans-activation system based on the previously described phenomenon (14) whereby the conjugative transfer of a given transposon activates the transfer of a homologous element located at a different site in the same cell. It was previously shown that when Tn916 was present in E. faecalis on a plasmid and a homologous element such as Tn916⌬E (which possesses an erm determinant in place of tet [27] ) was present on the chromosome, selection for transconjugants obtaining one of the elements resulted in unselected acquisition of the other about 50% of the time (14) . It was reasoned that if an oriT site of Tn916 could be cloned on a nonmobilizable plasmid and introduced into a bacterial host harboring an intact transposon (Tn916⌬E) on the chromosome, selection for conjugative transfer of the chromosomeborne element should result in mobilization of the recombinant plasmid. Thus, an E. faecalis host strain, SF202E1, defective in homologous recombination and carrying Tn916⌬E on the chromosome, was tested for its ability to mobilize derivatives of the nonmobilizable shuttle plasmid pWM401 (which carries a chloramphenicol resistance determinant [cat] [39] ) containing various segments of Tn916.
Identification of putative oriT sites on Tn916. Computer analyses were performed on Tn916 to search for sequences similar to consensus nicking sites (nic) previously reported for certain IncQ and IncP plasmids and for the F plasmid (19, 25) (Fig. 1B) . When three mismatches were allowed, a number of sequences were found, spread across the Tn916 genome, as indicated in Fig. 1 . There are four of the IncQ type, eight of the IncP type, and one of the F type.
The nucleotide sequences surrounding these sites were then examined for clusters of inverted and direct repeats, which are characteristically found near plasmid transfer origins (38) . The area spanning nucleotides 15115 to 15650 and including sites designated P3, P4, P5, and F was found to contain a number of inverted repeats (Fig. 2) . This was the only region on the Tn916 genome that contained such structures near potential nic sites. Interestingly, the four sites do not fall within an ORF and are located between ORF20 and ORF21. Directly repeated sequences can be found in various locations throughout the transposon; however, no such structures of any apparent significance were detected in this region.
Construction of plasmid chimeras and testing for mobilization. PCR amplification of segments containing all or part of the region including the P3, P4, P5, and F sites described above was performed as outlined in Materials and Methods, using E. coli plasmid pAM170 as a template. The products were cloned into E. coli-E. faecalis shuttle vector pWM401, which exhibits a low copy number in E. faecalis. Regions corresponding to the various PCR products are indicated in Fig. 3 and include overlapping segments 5160 through 5163, ranging in size from 466 to 110 nucleotides. The corresponding plasmids, designated pAM5160 through pAM5163, respectively, were introduced by electroporation into the Rec Ϫ E. faecalis strain SF202E1, which contains a single copy of Tn916⌬E on the chromosome, as well as into the Rec Ϫ transposon-free parent strain UV202. The strains were then tested for their ability to transfer the recombinant plasmid in 4-h mating experiments. Transconjugants were screened for cotransfer frequencies, and randomly chosen transconjugants from each mating were screened for plasmid content to confirm that no detectable size alteration of the plasmid DNAs had occurred. The results are shown quantitatively in Table 2 and indicated qualitatively in Fig. 3 .
Plasmids pAM5160 and pAM5161, corresponding to fragments of 466 and 376 nucleotides, respectively, were mobilized to E. faecalis OG1SS recipients at frequencies essentially equivalent to that of the chromosome-borne mobilizing transposon. Significant mobilization of the recombinant plasmid was evident in that when selection was for the erm determinant on the transposon, unselected cotransfer of the plasmid occurred approximately 40% of the time. In contrast, when the construct was in a donor strain that contained no mobilizing transposon, no transfer of chloramphenicol resistance was observed. A significant difference between pAM5160 and pAM5161 is that the latter chimera lacks the most distal arm of the 20-bp inverted repeat pair IR-B (Fig. 2) ; therefore, this repeat does not appear to be an essential cis-acting component for transfer.
pAM5162, carrying a 200-bp segment, was mobilized less efficiently, as only 10 to 15% of erythromycin-selected transconjugants also acquired the plasmid. In contrast, 100% of chloramphenicol-selected transconjugants also acquired the erm determinant. This plasmid was devoid of the P3 site as well as both the IR-A and the IR-F pairs of inverted repeats; thus, while one or more of these sequences might aid in the transfer event, none was absolutely required for mobilization. The smallest chimera, pAM5163, carrying a 110-bp fragment, transferred even less efficiently; only 7% of erythromycin-resistant transconjugants also acquired the plasmid. Direct selection for chloramphenicol usually did not result in detectable transconjugants, although in some experiments a few colonies arose. The Tn916 region carried by this plasmid appeared, therefore, to approximate a minimal size for mobilization by the chromosome-borne Tn916⌬E. It contained the putative P4, P5, and F nic sites, as well as the inverted repeat pairs IR-C, IR-D, and IR-E. Comparison of pAM5162 and pAM5163 suggests that IR-B may be important but not significantly if IR-A and/or IR-F pairs are present. Figure 3 shows additional regions of Tn916 that were cloned into pWM401 and tested for mobilization by Tn916⌬E. Three of these, pAM5157, pAM5158, and pAM5159, were generated by PCR using primers that utilized excised circular Tn916 molecules present in E. coli-borne pAM170 preparations as templates for the amplification reaction. Regions that included the joined left and right ends of Tn916 had seemed to be reasonable segments to examine, since excision always appeared to precede conjugal transfer. However, none of these segments or pWM401 alone resulted in mobilization of chloramphenicol resistance in E. faecalis. pAM5164, a 6.5-kb EcoRI-HindIII fragment cloned in pWM401 that included all of the transposon DNA to the left of tet, also failed to be mobilized. These data indicate that the specific region of Tn916 reported above is required for the mobilization of the nonmobilizable plasmid pWM401. 
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oriT OF Tn916 6647 containing plasmid. Two plasmid systems known to be highly conjugative in enterococci were tested for their ability to mobilize pAM5160. Plasmid pAM714 is a mobile Tn917-carrying derivative of the E. faecalis hemolysin-bacteriocin plasmid pAD1 (20) . This plasmid was introduced into E. faecalis UV202(pAM5160) and examined for its ability to mobilize the cat determinant in filter matings using E. faecalis OG1SS as a recipient. While transfer of pAM714 occurred at a frequency of 10 Ϫ1 per donor, only a few chloramphenicol-resistant transconjugants (Ͻ10 Ϫ7 per donor) were detected by specific selection for cat. This low level of cat transfer may have been related to cointegrate formation resulting from Tn917 transposition (12) from pAM714 to pAM5160, since when pAD1 was examined in parallel experiments, transconjugants selected on the basis of cat transfer were not detected at all. Similar experiments utilizing the broad-host-range erythromycin resistance plasmid pAM␤1 (6) did not result in detectable mobilization of pAM5160 from the UV202 host, although transconjugants acquiring erm appeared at frequencies of 10 Ϫ3 to 10
Ϫ2
per donor.
Since the region of Tn916 that exhibited functional oriT activity carried sequences resembling the oriT regions of the gram-negative F plasmid and IncP-type plasmids, it was of interest to see if conjugative plasmids of these types were able to mobilize pAM5160 in an E. coli background. The IncP plasmid RP1 (which encodes resistance to tetracycline, ampicillin, and kanamycin) and the F-plasmid derivative pOX38 (which carries a kanamycin resistance marker) were introduced via filter matings into E. coli DH5␣ strains harboring pAM5160. These strains were tested for the ability to transfer cat to the E. coli recipient strain HB101S. In neither case was the cat determinant mobilized, despite the transfer of pOX38 and RP1 at frequencies of 10 Ϫ2 to 10 Ϫ1 per donor in 4-h filter matings.
DISCUSSION
A small segment of Tn916 DNA bearing one or more oriT sequences has been identified on the basis of the cis-acting mobilization of an otherwise nontransferable plasmid in response to activation in trans by an intact chromosome-borne transposon. When cloned on the shuttle plasmid pWM401, a 376-nucleotide sequence carrying the nic-like sequences P3, P4, P5, and F, located within the intercistronic space that separates ORF20 and ORF21, resulted in approximately 40% cotransfer of the oriT-containing plasmid when selection was specifically for the conjugative driving element Tn916⌬E. A 200-bp overlapping segment missing P3 gave rise to a cotransfer frequency of about 15%, whereas a 110-bp segment of the latter allowed no more than 7% cotransfer.
The oriT region was specific for the Tn916 system, since two E. faecalis conjugative plasmids (pAD1 and pAM␤1) were unable to mobilize the pWM401 derivative (pAM5160) bearing a 466-nucleotide sequence that was efficiently mobilized by Tn916⌬E. In a gram-negative background, the highly conjugative F-plasmid derivative pOX38 and IncP plasmid RP1 were also unable to mobilize the shuttle vector chimera.
It is clear that the region of DNA on Tn916 required for mobilization bears a significant similarity to sequences representing origins of transfer reported for certain conjugative plasmids (19, 25) ; indeed, the RP1 and pOX38 plasmids, which failed to mobilize the Tn916 origin, had similar oriT sequences. Additional sequences bearing some resemblance to the origins of IncP-like and IncQ-like plasmids are scattered throughout the transposon but are not located adjacent to sets of inverted repeats characteristic for known oriT regions (38) . Examination of segments containing one or more of these other sequences failed to show mobilization. Since excision of the transposon is assumed to precede conjugal transfer, we had strongly considered the possibility that the joined ends of the intermediate might be a factor in the generation of a transfer origin; thus, significant attention was given to segments that included this region. A need for such a configuration, however, proved not to be the case.
At this point, it is not possible to conclude which of the sites is responsible for mobilization in the smallest segment (110 bp) found to be mobilizable. It is conceivable that more than one of the three putative nic sites is functional, allowing for greater efficiency and/or versatility in transfer potential. There are sets of inverted repeats flanking P4 as well as the nearby P5-F site (P5/F). Interestingly, both P4 and P5/F have at least one member of a repeat that extends into the site (Fig. 2) . That is, one of the two IR-D sequences extends into P4, whereas one of the IR-B repeats and one of the IR-C repeats overlap P5/F. If Table 2 ) are indicated on the left (Ϫ, no potential; ϩ, ϩϩ, and ϩϩϩ, low, moderate, and high potentials, respectively; ϩ/Ϫ, detectable but not in every case [for exact value, see Table 2 ]). conjugative transfer is initiated via a single-stranded cleavage within either of these sites, then completion of the transfer event in the recipient might result in a joining of the two single-stranded ends in such a way that one end would be annealed to the other as part of a hairpin structure. In the case of IR-D, the CGGGGGG sequence extending into P4 would seem particularly favorable for annealing the ends if, for example, the two ends were represented by the C and G nucleotides. The two free ends within the hairpin would be nicely positioned for ligation. It is interesting in this regard that the nick site of certain IncQ and IncP plasmids is between the C and G residues of a CGGG sequence (38) . Additional work will be required to determine the specific nick site(s) utilized in a specific transfer event. Because the excision event that gives rise to the transferable intermediate occurs at a relatively low frequency, the possible isolation of a related relaxosome (38) must await a means by which the conjugation system can be artificially activated. Alternatively, it may be possible to overexpress the ORF23 product (which exhibits local sequence similarity to the ColE1 relaxase) and/or other ORFs in an appropriate expression system whereby they could be examined for possible relaxase activity in vitro. In addition, it will be interesting to further define the oriT region by conducting a detailed mutational analysis.
The functional oriT site in Tn916 is one of the first transfer origins to be identified in a gram-positive system. Recently, oriT regions have been identified in the gram-positive plasmids pAD1 (1, 7), Streptococcus agalactiae pIP501 (36) , and Staphylococcus aureus pGO1 (2). In addition, an oriT site on a conjugative transposon in a gram-negative anaerobic Bacteroides strain has recently been identified (22) .
Finally, our demonstration that an oriT-containing pWM401 plasmid derivative can be efficiently mobilized in trans by Tn916 suggests that such a system may be useful for the mobilization of cloned genes into a variety of different bacterial species by taking advantage of the particularly broad host range of the transposon. For example, the plasmid could (i) be used as a cloning vector in E. coli, (ii) introduced by transformation into E. faecalis carrying an intact Tn916, and (iii) mobilized into the desired species.
